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Introduction
============

Steadily increasing oil prices and the public\'s growing demand for a sustainable future have sparked and revived the research and development of green materials, especially polymers and composites. Unfortunately, the thermo-mechanical performance of green or renewable polymers is often inferior compared to traditional petroleum based polymers^1^. For instance, commercially available polylactide (PLA) and polyhydroxybutyrate (PHB) are brittle and possess low heat distortion temperatures. One solution of creating renewable materials that match or even exceed the performance of commonly used petroleum-based engineering materials is to learn from the past; Henry Ford used a composite strategy, *i.e.* combining bio-based/renewable polymers with a reinforcement^2^, to enhance the properties of renewable polymers. It is often claimed that natural fibers serve as ideal candidate as reinforcement because of their low cost, low density, renewability and biodegradability^3^. Natural fiber composites have seen a renaissance in the 1990\'s as can be seen by the exponential increase in the number of peer-reviewed scientific publications (**Figure 1**)^4^. However, the hydrophilic nature of natural fibers and hydrophobic characteristics of most thermoplastics are often blamed to result in poor fiber-matrix adhesion^5^, which often results in poor mechanical performance of the resulting fiber-reinforced polymer composites. To solve this challenge, numerous researchers attempted to chemically modify the surfaces of natural fibers^6,7^. These chemical modifications include acetylation^8^, silylation^9^, polymer grafting^10^, isocyanate treatments^11,12^, use of maleated coupling agents^13-17^, and benzoylation^18^. Even though these chemical treatments have rendered natural fibers more hydrophobic, the resulting natural fiber-reinforced polymers still failed to deliver in terms of mechanical performance^19^. Thomason^20^ hypothesized that this failure could be a result of the anisotropicity and the high linear thermal coefficient of expansion of natural fibers. In addition to this, natural fibers also suffer from drawbacks such as limited processing temperature^21^, batch-to-batch variability^3^, low tensile strength compared to synthetic fibers, such as glass, aramid or carbon fibers and the lack of suitable manufacturing processes to produce natural fibers reinforced polymer composites. Thus, using natural fibers as reinforcement will not be sufficient to close the aforementioned property-performance gap between green materials and petroleum-based polymers.

Nanocellulose is an emerging green reinforcing agent. In particular, nanocellulose produced by bacteria, such as from the *Acetobacter* species^22^, also known as bacterial cellulose serves as an interesting alternative for the design of green materials^23^ due to the possibility of exploiting the high stiffness and strength of cellulose crystals^24^. The stiffness of a single cellulose crystal was estimated to be approximately 100-160 GPa using X-ray diffraction, Raman spectroscopy and numerical simulations^25-27^. This is higher than glass fibers \~70 GPa, which are however much denser. Bacterial cellulose (BC) is also inherently nano-sized with a diameter of approximately 50 nm and several micrometers in length^28^. We reported a method to coat natural (sisal and hemp) fibers with layers of BC by culturing *Acetobacter xylinius* in the presence of natural fibers^5,29,30^. This led to improved interfacial adhesion between PLLA and BC-coated natural fibers^29,31^. In order to simplify the process of coating these fibers, Lee *et al.*^31^ developed a method of coating natural (sisal) fibers without the use of bioreactors. This method is based slurry dipping process, whereby dry sisal fibers are immersed into a BC suspension. An extension of this method^32^ is to filter the water suspension containing loose sisal fibers and BC to produce sisal fiber preforms suitable for typical composite structures manufacturing.

Protocol
========

1. Preparation of Bacterial Cellulose-sisal Fiber Suspension
------------------------------------------------------------

1.  Determine the wet-to-dry mass of BC by measuring the wet mass of BC, followed by vacuum drying of wet BC at 80 °C overnight (O/N). Once dried, measure the dry mass of BC.

2.  Measure the amount of wet BC pellicle equivalent to 18 g of dry BC from the pre-determined wet-to-dry mass of BC.

3.  Cut the wet BC pellicles into small pieces of \~1-2 cm using a pair of sharp scissors. After cutting, soak the BC pellicles in 1 L of water to allow for the hydration of cut pellicles.

4.  Feed the cut BC pellicle into a blender and add an appropriate amount of water into the blender such that the blending process will go smoothly.

5.  Blend these BC pellicles for 2 min.

6.  Pour the blended BC into a 15 L container and add water until the total water volume is 14 L, making up a BC concentration in water of 0.1 (g/ml)% (percentage mass of bacterial cellulose per unit volume of water). The BC pellicles might need to be fed into the blender in batches for blending.

7.  Cut 72 g of loose sisal fibers (or any source of short natural fibers) into 1-2 cm long fibers and add them into the BC suspension. Gently stir the suspension to ensure a homogenous dispersion of sisal fibers in the BC suspension.

8.  Soak the sisal fibers in this suspension O/N.

2. Manufacturing of Sisal Fiber Preform
---------------------------------------

1.  Open sheet mold and close the drainage valve.

2.  Fill the system with DI water until the water level reaches the backing wire.

3.  Place a 100 mesh metal forming wire on the backing wire, centered within the sheet mold base.

4.  Close and latch the sheet mold. Add additional fresh water until the forming wire is submerged in water.

5.  Pour the prepared sisal fiber-BC suspension into the sheet mold. Gently stirring the suspension to ensure that the sisal fibers are homogenously distributed throughout the mold.

6.  Open the drain valve to drain the water, which will result in the formation of a wet filter cake of sisal fibers and BC on the forming wire. Immediately after the water drains, open the sheet mold and remove the forming wire.

7.  Place the forming wire on a piece of blotting paper. Additional blotting papers are placed on the top of the filter cake, followed by a metal plate.

8.  Flip the filter cake around. With the forming wire now facing the top, remove the forming wire and place additional blotting paper directly on top of the filter cake, followed by a metal plate.

9.  Place a 10 kg weight on top of the metal plate to press the water out. When the blotting paper is fully soaked, replace the blotting papers with fresh blotting papers and press the filter cake again using a weight of 10 kg.

10. Replace the blotting papers 1 final time and perform a final pressing of 1 ton in a hot press to consolidate the fiber preform.

11. Heat the hot press up to 120 °C to aid the evaporation of residual water. This should take approximately 4 hr. Reduce the temperature of the hot press to room temperature (RT) and allow the preform to cool down prior to removal from the hot press.

3. Scanning Electron Microscopy (SEM) of the BC-sisal Fiber Preform
-------------------------------------------------------------------

1.  Cut a 2 × 2 cm^2^ BC-sisal fiber preform.

2.  Stick this cut preform onto SEM stub using carbon tabs.

3.  Coat the sample in a Cr sputter coater operating at 75 mA for 1 min.

4.  Image the BC-sisal fiber preform with field emission gun SEM in in-lens mode using a beam energy of 5 kV. Note: Do not try to image the sisal-fiber preform without gluing the preform onto the SEM stub using conductive adhesive. The loose fibers will be sucked away during the evacuation of the SEM chamber and damage the electron gun.

4. Composite Manufacturing using Vacuum Assisted Resin Infusion (VARI)
----------------------------------------------------------------------

1.  Place the preform on top of the tooling side, which consists of a non-porous PTFE coated glass release fabric.

2.  Cover the preform with a porous PTFE coated glass release fabric, also known as a peel ply, followed by a porous flow medium. Both the peel ply and the flow medium should be larger that the preform (see**Figure 2** for a process schematic).

3.  Position the omega tubes at the intended resin inlet and outlet of the VARI set up. Ensure that the omega tubes are placed on top of the porous flow medium to allow the resin to distribute into the VARI set up during infusion. The length of omega tubes should be as wide as the flow medium.

4.  Place pressure sensitive tapes around the periphery of the set up. Ensure that the paper backing of the pressure sensitive tapes is still left on the tapes at this point.Insert the resin feed and outlet tubes into the openings of the omega tubes and cover the set up with a fluoroethylene polymer based bagging film and seal it using pressure sensitive tapes.Seal the resin feed tube. Position the other end of the resin outlet tube on top of the breather cloth.

5.  Place a metal plate on top of the inner bag where the fiber preform is, followed by a piece of breather cloth. The metal plate should be the size of the preform.

6.  Identify the position where the through bag vacuum valve should be and place the bottom piece of the valve on top of the breather cloth.

7.  Place the vacuum sealant tape around the internal bag and place a vacuum bagging film on top of it and seal it. The excess vacuum bagging film will form pleats.

8.  Place the sealant tape inside the pleat to complete the seal.

9.  Cut a small \'x\' on the vacuum bagging film where the bottom piece of the valve is and screw in the top piece to complete the through bag vacuum valve. It is important to avoid wrinkling of the vacuum bagging film under the top piece as this could cause a leak path.

10. Connect the quick connect fitting and pull a vacuum. During this process, the vacuum bagging film can be moved around and place where excess is needed. Check for vacuum leaks.

11. Prepare the resin by mixing the epoxy and hardener at a weight ratio of 100 to 19. Degas the resin at a reduced pressure to remove all the air bubbles trapped during the mixing of the epoxy resin and hardener.

12. Once the VARI set up is determined to be leakage-free, feed the resin via the tubing connected to the omega tube.

13. Ensure that the resin is fed slowly such that it has time to impregnate into the fiber preform. Allow the resin to flow out from the resin outlet tube and soak into the breather cloth until no air bubbles can be observed coming out from the outlet tube.

14. Seal the outlet tube and allow the resin to cure for 24 hr at RT, followed by a post-curing step at 50 °C for 16 hr. Note: (1) The curing cycle is resin dependent. (2) It is very important that maximum vacuum is achieved within the VARI set up and there is no vacuum leak within set up. A poor VARI set up (not achieving maximum vacuum or a leak) will result in pores within the manufactured composites and significantly reduced fiber volume fraction within the composites. (3) The epoxy-to-hardener ratio is resin dependent. Please check the product datasheet of the resin for the epoxy-to-hardener ratio prior to mixing.

Representative Results
======================

Without a BC binder, the short, loose sisal fibers are held together only by friction and entanglements between the fibers. As a result, this preform is loose and it was not able to support much weight. **Figure 3**shows the sisal fiber preform without BC as the binder, with a load applied in 3-point bending mode. The preform can be seen to be rather loose and when a load is applied by adding water into the polypropylene cup, the preform starts to deflect severely. The load applied is equivalent to 40 g of water. However, when 20 wt.% BC was used as the binder for these short and loose sisal fibers, a rigid fiber preform is manufactured. This preform can withstand the load of a full polypropylene cup (\~170 g) without any significant deflection (**Figure 3**).

Scanning electron micrographs of a typical BC-sisal fiber preform are shown in **Figure 4**. BC can be seen to be covering the surface of the sisal fibers. This effect is due to the hydrophilic nature of sisal fibers (or any other natural fibers). The hydrophilic nature of sisal fibers absorbs water, drawing in the BC that is dispersed in the medium. Since BC is larger than the pores of natural fibers, they were not able to penetrate into the fibers. Instead, they were filtered against the surface of sisal fibers and form a layer of BC coating when the fibers were dried.

The mechanical performance of these fiber preforms under tension is tabulated in **Table 1**. Due to the porous nature of the fiber preforms with a porosity of \~70%, the tensile strength (load per unit area) of the preform is not well defined. Therefore, we tabulate the tensile force (load required to fail the specimen per unit width, which is 15 mm in our experiment, of the material) and the tensile index (tensile force per unit grammage) of our specimen. A tensile force and tensile index of 12.1 kN·m^-1^ and 15 N·m·g^-1^was measured, respectively, when 20 wt.% BC was used as the binder. However, the tensile properties of neat sisal fiber preforms were not measurable as the fiber preform is loose.

Figure Legends:
---------------

**Figure 1. Number of publications in the field of natural fibers and composites.** The data was collected from the Web of Knowledge by using a keyword search of \'natural fib\*\' AND \'composite\*\', respectively. Obtained from Bismarck *et al.*^4^ with kind permission from American Scientific Publishing Ltd.

**Figure 2. Schematic of double bag vacuum assisted resin infusion.**

**Figure 3. Photographs illustrating the difference in bending stiffness of sisal fiber preforms without (top two images) and with (bottom two images) BC as binder.**

**Figure 4. Scanning electron micrographs of a typical natural fiber preform using BC as binder at various magnifications.** Top: 100X, middle: 1,000X and bottom: 25,000X, respectively. (**a**) and (**b**) denote the sisal fiber and BC nanofibrils, respectively.

  -------------------- ---------------------------------- ---------------------------------------
  **Materials**        **Tensile force (kN**·**m^-1^)**   **Tensile index (N**·**m**·**g^-1^)**
  Neat sisal preform   Not measurable                     Not measurable
  BC-sisal preform     12.1 ± 2.4                         15 ± 3
  -------------------- ---------------------------------- ---------------------------------------

**Table 1. Tensile properties of the sisal fiber preforms, with and without BC as the binder.**

Discussion
==========

We have shown in this experiment that loose sisal fibers can be bound with BC. However, the choice of fibers is not limited to just sisal fibers. Other types of fibers, such as flax and hemp, can also be used. In addition to this, we have also shown that wood flour, recycled paper, and dissolving pulp can also be bound into rigid and robust preforms using a BC binder (results not published yet). The criterion is that the fibers used should be hydrophilic and absorb water. As aforementioned, the hydrophilic nature of the fibers will absorb water, drawing in the BC that is dispersed in the medium. The BC is filtered against the surface of these hydrophilic fibers and forms a layer of BC coating when the fibers were dried. Whilst bacterial cellulose can be deposited around natural fibers by culturing *Acetobacter* *xylinus* in the presence of natural fibers^5,29,30^, this process is laborious and requires expensive bioreactors with tight control of pH and dissolved oxygen content. Our improved process, on the other hand, is based on a papermaking method (*i.e.*: dispersing natural fibers in a BC suspension) and there is no need for bioreactors^31^.

With regards to the application of natural fibers in composites, randomly oriented non-woven (short and randomly oriented) natural fiber preforms are produced by needle punching (essentially stitching) polymer fibers (typically a polyester) through loose compacted fibers^33^. To make a composite, the fiber preforms are then placed in a mold and infused with a resin. Polymers fibers can also be commingled with natural fibers^34^ (typically flax, hemp, or jute) or dispersed in a natural fiber suspension and vacuum filtered^35^ at high polymer volume fraction (50 vol.%). This polymer fiber-natural fiber mat (preform) is then subsequently heated to melt the polymer to produce a composite structure. The latter processes of producing composites are intrinsically scalable but are limited by the choice of polymer fibers (the polymer should melt at temperatures lower than the degradation temperature of the fibers) that can be used to make preforms and, therefore, the type of matrices available to make composites. Using our method, BC does not only act as a binder, it also acts as a nano-reinforcement^32^. As aforementioned, the Young\'s modulus of an individual BC nanofiber was estimated to be 114 GPa. Whilst the single fiber tensile strength of BC is not known, the tensile strength of single TEMPO-oxidized wood and tunicate fibers has been recently measured using ultrasonic induced cavitation^36^. A tensile strength of between 0.8-1.5 GPa was measured for these single nanofibers. These mechanical properties, along with the binding potential of BC, made BC an excellent candidate to produce truly green and randomly oriented short natural fiber-reinforced, bacterial cellulose-reinforced renewable composites with mechanical performance that exceeds conventional fiber-reinforced polymers.

In term of composite manufacturing, our preferred manufacturing process is the discussed double bag vacuum assisted resin infusion (DBVI) developed by Waldrop *et al.*^37^ Unlike the more conventional single bag vacuum assisted resin infusion (also known as the Seemann process^38^), DBVI employs two independent vacuum bags during the infusion process (see **Figure 2**). Whilst the Seemann process will work for manufacturing composites, this process might suffer from vacuum bag relaxation behind the flow front of the resin. When this occurs, the area where relaxation occurs will feel soft and spongy. The vacuum bag relaxation will result in the vacuum bag moving away from the flow medium due to the preferential flow of liquid resin in the path of least resistance. This will cause the manufactured composites to have non-uniform fiber volume fractions (*i.e.* the relaxed area will have a lower fiber volume fraction than the non-relaxed area of the vacuum bag). DBVI does not suffer from this drawback, as the inner vacuum bag never relaxes behind the flow front of the liquid resin. As a result, the resulting composite panels will have higher than average fiber volume fraction and more uniform thickness. Moreover, the use of the outer vacuum bag provides a redundancy to the system and improves the vacuum integrity of the liquid infusion process.
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